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At RAN1#88 meeting [1], it was agreed that:
· The RE pattern for an X-port CSI-RS resource spans N ≥ 1 OFDM symbols in the same slot and is comprised of one or multiple component CSI-RS RE patterns where
· A component CSI-RS RE pattern is defined within a single PRB as Y adjacent REs in the frequency domain and Z adjacent REs in the time domain
· FFS: Support for more than one component CSI-RS RE pattern definition, i.e., value of Y and Z
· FFS: Supported value(s) of Y and Z, e.g. (Y, Z) = {(1,2), (2,1), (4,1), (8,1), (2,2), (2,4)} 
· FFS: How to apply CDM within a component CSI-RS RE pattern and across multiple component CSI-RS RE patterns
· Note: Depending on the density reduction approach agreement(s), the Y REs of a component CSI-RS RE pattern may be non-adjacent in the frequency domain
· The multiple component CSI-RS RE patterns can be extended across the frequency domain within the configured CSI-RS bandwidth
· At least the following numbers of OFDM symbols for a CSI-RS resource are supported
· N = {1, 2, 4}
· FFS, other value(s) of N
· The N OFDM symbols can be adjacent/non-adjacent
· FFS, down-selection on adjacent/non-adjacent OFDM symbols
· OFDM symbol(s) can be configured to contain CSI-RS only
· FFS: the applicability of above proposals for beam management (e.g., for beam sweeping, for generation of sub-time units)
· FFS on the following aspects:
· Location of N OFDM symbols within a slot
· Replication of RE pattern across the N OFDM symbols
· Supported CDM values
· Exact port number assignment to CSI-RS RE pattern, considering at least CDM of ports and relationship of port numbers to dual polarized antenna elements
· Support for densities D > 1 RE/port/PRB
· Mapping of other physical channels and/or reference signals within the same OFDM symbol(s) as CSI-RS
In this contribution, we discuss the pattern and sequence design of CSI-RS, and the configuration of CSI-RS for multi-step CSI acquisition and CSI feedback aggregation.
CSI-RS Design
To support beam management, CSI acquisition and various application scenarios (e.g. low frequency, high frequency), a unified CSI-RS pattern with a modularized structure is proposed [2][3][4], by aggregation of a flexible number of component CSI-RS RE patterns. In RAN1#88, it is agreed that a component CSI-RS RE pattern (Y, Z) is defined within a single PRB as Y adjacent REs in the frequency domain and Z adjacent REs in the time domain. The supported component CSI-RS RE pattern(s) need to be further studied. 
CSI-RS pattern with density 1 RE/port/PRB
For CSI-RS design, due to the complexity of spec discussion for the CSI-RS resources with large number ports, such as 16 or 32 ports, CSI-RS resource configuration aggregation was introduced in LTE Rel-13/14, where the CSI-RS resource with more than 8 ports was aggregated with 4 or 8 port CSI-RS resource configurations. Similarly, in NR discussion, the CSI-RS resource aggregation may also be introduced, but the aggregation from which number of port CSI-RS resource need to be discussed further. 
To guarantee the performance of CSI-RS, at least CSI-RS resource pattern with 2/4/8 ports should be optimized in each design, other than based on arbitrary pattern aggregation. Actually, if based on aggregation, such as 4 ports aggregated by 2 two-port CSI-RS resource configuration/pattern or 8 ports aggregated by 4 two-ports CSI-RS resource configuration/pattern, there will be many strange patterns may lead to poor performance or may not provide obvious performance gain but require additional overhead to configure. In addition, it is also difficult to select which pattern can be used properly if no such discussion on each pattern optimization. 
Based on these optimized CSI-RS resource configuration/pattern design with 4 or 8 port cases, the large port CSI-RS resource, such as 16/32 ports can be aggregated with 4 or 8 ports to reduced specification efforts, similar as LTE.  It is true that the aggregation with 2 port CSI-RS resource configurations will be more flexible, but with this arbitrarily aggregation, it is very confused which CSI-RS pattern (after aggregation) will provide additional gain with the flexibility. Actually, the “flexibility” will introduce high signaling overhead and additional complexity in the configuration (for how to select the CSI-RS pattern). Thus, 
Proposal 1: CSI-RS resource with more than 8 ports can be based on aggregation with component pattern of 4 ports or 8 ports, however 1/2/4/8 ports is only with one component pattern with optimized design.
2/4/8-port CSI-RS resource 
[bookmark: _GoBack]2-port CSI-RS resource
For a 2-port CSI-RS resource, the possible component CSI-RS RE patterns are (1, 2) and (2, 1), as shown in Figure 1. OCC 2 can be applied to both patterns. Due to the sparse transmission of CSI-RS with density 1 RE/port/PRB, similar performance of the two patterns is expected at low frequency (e.g. below 6GHz), which is demonstrated by link level simulation results as shown in Figure 6. 
In NR, high frequency band (e.g. above 6GHz) should be supported as well, where the impact of phase noise should be considered in CSI-RS design. Due to possible phase noise, time domain OCC may degrade channel estimation accuracy, so frequency domain OCC is preferred for high frequency case, especially due to reduction in frequency selective due to beam-forming. Another factor to be considered in CSI-RS design is the support of analog beamforming. When analog beamforming is used, the CSI-RS pattern is preferred to be within one symbol, otherwise the flexibility of user scheduling will be reduced when data and CSI-RS are FDM. 
Therefore, for a 2-port CSI-RS resource, RE pattern (2, 1) is preferred considering the performance, phase noise impact and the support of analog beamforming. 


                                                        
(a) (Y, Z) = (1, 2)                                      (b) (Y, Z) = (2, 1)  
Figure 1.  Candidates of RE pattern of 2-port CSI-RS
4-port CSI-RS resource
Figure 2 illustrates the candidates of component CSI-RS RE pattern, i.e. (2, 1), (4, 1) and (2, 2). Similar as 2 ports, resource confined within one symbol is preferred to avoid the impact of phase noise in high frequency. For the component pattern (2, 1), arbitrary two of the six component patterns within one PRB can constitute one 4-port CSI-RS resource, in either consecutive or non-consecutive way in frequency domain. So there could be a total of 15 configurations in one symbol. The number of possible configurations for 4-port CSI-RS should be limited further unless justified. Allocating two consecutive component patterns in frequency domain has the advantage of allowing OCC4 (if introduced) to boost the effective receive power per port and improve the channel estimation accuracy in the case channels with low frequency selectivity. However, the non-consecutive aggregation does not need to be supported unless the potential performance benefits are demonstrated.
Link level simulation is performed to compare component CSI-RS RE patterns (2, 1) and (4, 1) for 4 ports. Details of simulation parameters and simulation results are shown in Appendix. From the simulation results in Figure 7, it is observed that no performance benefit can be obtained from non-consecutive aggregation of component patterns (2, 1) compared with (4, 1). Therefore, component pattern (4, 1) should be supported for 4-port CSI-RS. 



                                   
(a) (Y, Z) = (2, 1)                 (b) (Y, Z) = (4, 1)                (c) (Y, Z) = (2, 2)
Figure 2.  Candidates of component CSI-RS RE pattern of 4-port CSI-RS
8-port CSI-RS resource
Similar as 4-port CSI-RS, considering consecutive REs in frequency/time domain for an 8-port CSI-RS resource has the advantage of potential use of OCC8 (if introduced) when channel frequency selectivity is low. Therefore, the candidate component CSI-RS RE patterns can be (8, 1) and (2, 4). Considering the support of analog beamforming, phase noise issue in high frequency band and limited length of one slot (e.g. 7 symbols), at least (8, 1) should be supported. 



                         
 (a) (Y, Z) = (8, 1)                          (b) (Y, Z) = (2, 4)
Figure 3.  Candidates of component CSI-RS RE pattern of 8-port CSI-RS
16/32-port CSI-RS resource
As discussed in previous section, with more than 8 (e.g. 16, 32), similar aggregation scheme as LTE can be adopted based on the component CSI-RS RE patterns of 4/8 ports. Table 1 lists the number of component patterns M and the possible number of OFDM symbols N for each number of ports. 
Table 1.  The number of component patterns and OFDM symbols for X-port CSI-RS
	Number of ports X
	Component RE pattern (Y, Z)
	The number of component patterns M
	The number of OFDM symbols N

	16
	(8, 1)
	2
	2

	32
	(8, 1)
	4
	4



If the CSI-RS resource with 12 port, it also can be aggregated with one (4,1) and one (8,1) component pattern.
Proposal 2: For a CSI-RS resource with number of ports more than 8, support at least the following aggregation with component CSI-RS RE patterns:
· X=16: (Y, Z)=(8,1)
· X=32: (Y, Z)=(8,1) 
· X=12: (Y, Z)=(8,1) and (4,1) 
As discussed in last meeting, a CSI-RS resource spans in 1/2/4 OFDM symbols, then the symbols may be adjacent or non-adjacent, which need to be down-selected. Actually, to achieve the feature that fast CSI acquisition, the CSI-RS resource should be designed as compact as possible. On the other hand, due to the CSI-RS is also need to support beam management, to avoid frequent beam switching in the CSI-RS measurement and data transmission, the non-adjacent symbols mapping also should be avoided. Thus, the OFDM symbols for a CSI-RS resource should be adjacent.
Proposal 3: OFDM symbols for a CSI-RS resource should be adjacent.
Configurable density of CSI-RS
For CSI-RS density reduction, two schemes have been supported in LTE. One is the PRB-level decimation, in which CSI-RS is only transmitted in every p PRBs to achieve density 1/p RE/port/PRB. The other is to reduce the number of REs of CSI-RS in each PRB, but this scheme is only designed for the number of ports larger than 8. Both schemes can be further considered in NR. 
Proposal 4: Support the following two schemes of CSI-RS density reduction:
· PRB-level density reduction
· Reducing CSI-RS REs within each PRB
CSI-RS is proposed to take the functionality of fine time and frequency tracking [5], so density larger than 1 RE/port/PRB needs to be supported in NR. Fewer ports are sufficient for fine time and frequency tracking, so that 1 and 2 ports can be supported with larger density. Whether other number of ports should also be supported needs careful justification on the potential use cases and performance benefits. The design of large density should strive for reusing the pattern designed for density 1 RE/port/PRB. For example, an 2-port CSI-RS resource with density p RE/port/PRB can be easily obtained by configuring p 2-port CSI-RS resources within the same or different slots, each with density 1 RE/port/PRB. 
Proposal 5: Support density larger than 1 RE/port/PRB for an X-port CSI-RS resource with values of X at least including 1 and 2.
CSI-RS Sequence 
Within a NR cell, a UE may be exposed to multiple TRPs or multiple beams from one or different TRPs.  The UE can be instructed to measure and report back the CSI associated with different CSI-RS ports. To provide a UE-cell-center-like experience of measurement, the mapping of TRPs and their antenna elements to CSI-RS ports is transparent to the UEs. 
Therefore, flexible configuration on the CSI-RS sequence should be supported, without fixed association with a NR cell ID. Since LTE Rel-11, the pseudo-random sequence generator parameter of CSI-RS can be configured by higher layer to support flexible dynamic TRP selection. This principle should be maintained in NR CSI-RS sequence design. 
Proposal 6: CSI-RS sequence should be flexibly configured without fixed association with NR cell ID.
CSI-RS Configuration
Multi-step CSI acquisition
Irrespective of the mapping of the CSI-RS to REs and the sequence used, one key aspect that needs to be addressed is the required overhead when CSI acquisition using beam-formed CSI-RS is used. Additionally, when the served UE(s) also need to perform beam-forming, the CSI-RS configuration and the required resources need to take into account the beam-forming capability of the TRP and the UE(s), together with the respective number of required beam directions that need to be swept at each entities as agreed in RAN1#87.
For such scenarios, it is very important to keep the CSI-RS overhead and the required resources to a reasonable level. For CSI acquisition for beam-formed CSI-RS the most logical way to reduce overhead is to reduce the number of beam directions that need to be sounded in a multi-step manner.  To this aim a multi-step scheme, consisting of at least two steps has been agreed for hybrid beam-forming in RAN 1#86 bis [6]. This scheme starts with a beam-formed CSI-step and then follows with digital pre-coding selection. 
A  flexible way for configuring CSI-RS which enables the flexible configuration of CSI-RS in multiple steps (at least 2) should be used. Each successive step may use CSI-RS in different ways and may for instance be UE-group specific or UE specific. These multiple steps may have different requirements and each step may have different CSI-RS configurations and respective UE feedback modes.
To justify such a flexible multi-step approach we use an example the case of 3D beam-forming where the set of required directions includes both azimuth (horizontal) and elevation (vertical) directions. If the TRP transmits beam-formed CSI-RS in every possible azimuth and elevation direction for exhaustive search of the best 3D beam, the overhead will be far too excessive. 
An example multi-step beam formed method for 3D beam-forming is shown in Figure 4, where each step corresponds to beam sweeping and measurements across a specific plane. In the first step, the TRP configures CSI-RS for UE measurements on narrow horizontal beams with the same wide vertical beam. This step could be, UE-group specific or UE specific, but needs to take into account the beam-forming capabilities of the UE(s). At least one UE selects and feeds back the CSI-RS resource(s)/port(s) corresponding to the best horizontal beam(s). In the second step (which is UE or UE group specific), measurements of one or more narrow vertical beam(s) are further performed using one or more selected horizontal beam(s) and the configuration again takes into account UE beam-forming. The UE (or group of UEs) then reports the best vertical beam(s) and RI/CQI to assist data transmission. Each of the two steps may also have further embedded multiple steps (which may be port or beam based) in each plane to enable beam refinement at different levels. These further embedded steps may or may not require additional UE feedback and it is important that we have the flexibility to configure the UE for feedback as required.


Figure 4: Example of multi-step CSI-acquisition
In the above multi-step configurations on CSI-RS resources for the different steps for hybrid beam-forming or otherwise should be further studied. A joint configuration has less signaling overhead; however, it is beneficial to consider separate configurations (as shown) for flexible configuration of RS and CSI reporting for each possible step
Proposal 7: A flexible multi-step CSI-RS configuration should be supported.
0. Aggregation of CSI feedback
After initial access/beam acquisition, multiple beam pair links (BPLs) are maintained between gNB and UE. When those BPLs for different users are fully or partially overlapped, the CSI-RS resource/port sharing between users can be adapted to reduce the configuration/transmission overhead of CSI-RS, as shown in Figure 5.  
[image: ]
Figure 5: Example scheme of CSI-RS resource/port sharing between users
To remove the ambiguity for which CSI-RS resources/ports are shared, it would be beneficial to identity indices the shared CSI-RS resource/port between users, as illustrated in Figure 8. By this way, each user would have both shared CSI-RS and non-shared CSI-RS resources for measurement, so a single CSI feedback per user is needed to combine measurements of all the assigned CSI-RS resources.  Alternatively, even when there is no CSI-RS resource sharing between users, it’s beneficial to determine the UE’s receiving beam by QCL CSI-RS with other channels (PDCCH, PDSCH) when each CSI-RS resource corresponding to one BPL, so the aggregation feedback of multiple CSI-RS resource also needed.
[bookmark: OLE_LINK49][bookmark: OLE_LINK50]Proposal 8:  A single CSI feedback per user derived from multiple CSI-RS resources should be supported.
Conclusion
In this contribution, we discuss the pattern design and configuration of CSI-RS for CSI acquisition. In summary, the following proposals are made.
Proposal 1: CSI-RS resource with more than 8 ports can be based on aggregation with component pattern of 4 ports or 8 ports, however 1/2/4/8 ports is only with one component pattern with optimized design.
Proposal 2: For a CSI-RS resource with number of ports more than 8, support at least the following aggregation with component CSI-RS RE patterns:
· X=16: (Y, Z)=(8,1)
· X=32: (Y, Z)=(8,1) 
· X=12: (Y, Z)=(8,1) and (4,1)
Proposal 3: OFDM symbols for a CSI-RS resource should be adjacent.
Proposal 4: Support the following two schemes of CSI-RS density reduction:
· PRB-level density reduction
· Reducing CSI-RS REs within each PRB 
Proposal 5: Support density larger than 1 RE/port/PRB for an X-port CSI-RS resource with values of X at least including 1 and 2.
Proposal 6: CSI-RS sequence should be flexibly configured without fixed association with NR cell ID.
Proposal 7: A flexible multi-step CSI-RS configuration should be supported.
Proposal 8:  A single CSI feedback per user derived from multiple CSI-RS resources should be supported.
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Appendix. Simulation Parameters and Simulation Results
	Parameters
	Values or assumptions

	Carrier frequency
	4GHz

	Channel model
	CDL-A, 300ns

	Subcarrier Spacing
	15kHz

	Allocated bandwidth
	20RB

	UE speed
	3km/h

	Antenna Configuration
	2Tx/2Rx; 4Tx/4Rx

	Number of CSI-RS ports
	2Tx: 2 ports
4Tx: 4 ports

	Coding scheme
	Turbo

	Transmission scheme
	SU-MIMO: rank 1 for 2Tx; rank 2 for 4Tx

	Channel estimation
	Practical filter based

	CSI feedback
	Ideal feedback of un-quantized CSI

	Receiver
	MMSE-IRC

	Modulation/Code rate
	64QAM/0.5



[image: ]
(a) Throughput vs. SNR
[image: ]
(b) BLER vs. SNR
Figure 6.  Simulation results of 2-port CSI-RS: (1, 2) vs. (2, 1)
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(a) Throughput vs. SNR
[image: ]
(b) BLER vs. SNR
Figure 7.  Simulation results of 4-port CSI-RS: (2, 1) vs. (4, 1)
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